In spite of all his experiments and observations, Leonardo da Vinci failed to discover the circulation of the blood. 1 His anatomical drawings and records, made between 1489 and 1513, were unpublished for many years; it remained for others to describe the structure and functions of the cardiovascular system. Until William Harvey, all like Leonardo were inhibited by Galen whose first century writings had become widely available in print in Paris in 1525. The first great anatomical work, De humanis corpori fabrica, was published by Andreas Vesalius in 1543 and, in a revised edition, in 1555. A magnificent annotated translation has recently been published, from which I quote. 2 Vesalius quoted Horace; Nullius addictus iurare in verba magistri-not given to swear by the words of a master-indicating a healthy scepticism. He based his observations on experience of dissection. Nevertheless, he struggled to suppress an instinct to make his observations fit what were thought to be the facts. In 1543 he wrote, with respect to Galen's theory that blood passed through the interventricular septum from right to left:
The ventricular septum is, as I said, formed of the thickest substance in the heart and is full of pits impressed everywhere into it. Chiefly for this reason it has an uneven surface where it faces the ventricles. None of these pits penetrates from the right ventricle into the left (at least so far as the senses can detect); we are therefore compelled to admire the craft of the Maker of things by which blood seeps through invisible passages from the right ventricle into the left.
This passage was omitted in the 1555 edition, in which he wrote:
Conspicuous as these pits are, none of them passes through the septum between these ventricles from the right into the left so far as sense can apprehend them, nor indeed have I found even the most obscure passages by which the ventricular septum could be permeable, though they are described by professors of anatomy, since these men are totally convinced that blood is taken from the right ventricle into the left. However this may be (as I shall explain more fully elsewhere), I am in no small quandary about the function of the heart in this area.
Alas, his explanation never came. Elsewhere in the same 1555 edition he was more explicit:
In explaining the construction of the heart and the function of its parts, I have to a great extent made my account agree with the views of Galen. This is not because I believe them everywhere consonant with the truth, but because . . . I was diffident and for a long time lacked the courage to depart in the least way from the view of Galen, prince of physicians. Students of anatomy must carefully investigate the divider, or septum, between the ventricles of the heart and the right side of the left ventricle, which is heavy, compact and dense as the rest of the heart and encloses the left ventricle. I therefore do not know (whatever I may say about the pits in this area) . . . how the slightest amount of blood can be taken through the substance of this septum . . .
And there he largely left his anatomizing to earn his living as physician to Emperor Charles V.
Less well known than Vesalius are two of his contemporaries, Miguel Servetus (1511-53) and Realdo Colombo (1515-59), both of whom did make the connection with respect to the pulmonary circulation. Servetus, a Spaniard, had studied in Paris and read Greek and Hebrew; his interests ranged widely and his major work (of which three copies survive) was Christianismi restitutio, the Restoration of Christianity, published in 1553. 3 In seeking to explain the origins of the divine spirit from the air (Ab aere inducit Deus anima, . . .) he wrote that it was generated in the lungs from mixture of air with blood from the right ventricle, describing it as orange (flavus) in colour and of fiery potency. 'However, this communication is made not through the middle wall of the heart, as is commonly believed, but by a very ingenious arrangement the subtle blood is urged forward by a long course through the lungs; it is elaborated by the lungs, becomes orange and is poured from the pulmonary artery into the pulmonary vein'. This relied on his observations on the size of the pulmonary vessels and the changed colour of the blood after transit of the lungs, and is probably the first reasoned description of the pulmonary circulation. 4 However, later in this chapter, while noting that the vital spirit then flows from the left ventricle though the arteries to infuse the whole body (Ille itaque spiritus vitalis ab sinistro cordis ventriculo in arterias totius corporis deinde transfunditur . . .), Servetus makes clear that he still accepted Galen's teaching on the arterial system and the flow of blood through an imaginary rete mirabilis at the base of the human brain where it meets the rational soul and is endowed with animal spirit to pass through the nerves. Tragically, his wider views on religion and the Holy Trinity antagonized both Roman and Protestant churches and he was burnt at the stake in Geneva by Calvin. 5 As most of his books were also burnt, he had little immediate influence other than causing others to be wary of publishing views that might be thought heretical.
Colombo, an Italian, succeeded Vesalius in Padua in 1542 before becoming professor of anatomy in Pisa then Rome; his book, De re anatomica, was published posthumously in 1559. 6 It is unlikely that he had seen Servetus's manuscript, but he came to the same conclusion on the pulmonary circulation. 7, 8 It is possible to compare the two descriptions. In his chapter on the heart, Colombo wrote:
Between these ventricles there is a septum through which most people believe there is a passage for the blood to flow from the right ventricle to the left, so it may be thinned, allowing in transit the generation of vital spirit. But they are a long way out, for the blood is carried through the pulmonary artery to the lung where it is thinned, then mixed with air and passed through the pulmonary vein to the left ventricle of the heart. Nobody has so far noticed this; everyone should do so (Figure 1 ).
Colombo re-emphasizes this in his chapter on the lungs, where he sees their movement mixing blood and air together. Furthermore, he recognized the function of the cardiac valves, enabling the ventricles to fill and empty, yet he too failed to realize that the arterial and venous systems also made a similar connection throughout the body.
Colombo's book became the standard text on anatomy and was translated into English in 1578. His successor in Padua, Hieronymus Fabricius (1533-1619), described the venous valves without realizing their true significance, and was professor when Harvey studied there in 1600-02. In his Exercitatio anatomica de motu cordis et sanguinis in animalibus of 1628, Harvey was able by observation and experiment to confirm the discoveries of Colombo (whom he acknowledged) and, from consideration of the volume of blood expelled by the heart and his experiments with ligatures, to discover the greater circulation. In doing so, he had to postulate another system of invisible pores, 'porosity of the flesh', which was only explained in Marcello Malpighi's De pulmonibus of 1661, in which he described the frog lung's capillaries.
It seems likely that Servetus and Colombo independently described the pulmonary circulation and a manuscript shows that the former had done so in 1546. 4 However, they were not the first: in the early 20th century an Arabic scholar discovered a denial of the septal pores and a description of the way blood passed though the lungs from pulmonary artery to vein, mixing with air on the way, in the writings of a 13th century Persian, Ibn an-Nafis. Colombo was incautious in stating that nobody had previously noted it. To the motto, Nullius in verba, we might add: But beware of claiming priority.
